Abstract Skeletal X-ray survey is the established method of diagnosis in patients with multiple myeloma; however, whole-body magnetic resonance imaging (wb-MRI) has become an important additional tool. The aim of this study was to compare the different patterns of infiltration on conventional X-ray examinations (X-ray survey) with findings from wb-MRI to subsequently determine the influence of wb-MRI on therapy changes. In 60 patients with a mean age of 65.1±11.7 years, wb-MRI examinations were correlated with a recent X-ray survey. The results were independently assessed by two radiologists and the patterns of infiltration were described in both modalities. Subsequently, the disease was staged according to Salmon and Durie and Salmon and Durie PLUS. Additionally, the influence of MRI on potential changes in therapy was assessed using a three-range Likert-type scale. In all, 480 skeletal regions were compared. In 183 skeletal regions, an increased degree of infiltration was identified on wb-MRI. Significant differences (p<0.05) between the modalities could be found in the thorax, spine, pelvis, and both lower extremities. Based on wb-MRI, tumor stage was upgraded in 19 of the 60 patients using the Durie and Salmon PLUS classification. In ten out of these 19 patients (42%), the wb-MRI result was essential for making the decision to initiate further therapy due to the degree of infiltration, extramedullary tumor extension, and/or further risk of fracture. Whole-body MRI provides a more detailed assessment of the pattern of bone marrow infiltration and strongly influences therapeutic strategies.
Introduction
Multiple myeloma, a malignant monoclonal plasma cell disease, is the most common tumor of the bone marrow; nevertheless, the incidence of this tumor is only four in 100,000 per year. However, the diagnosis has great implications in the clinical setting because of the long-term prognosis for these patients, extending over decades [1] . According to the Salmon and Durie classification, no relevant decrease in life span is seen in patients with stage I myeloma. In stage II and even more so in stage III disease, however, a significant decrease in life expectancy is observed, where only 20% of patients survive more than 2 years if they do not receive appropriate treatment [2] . Therefore, efficient staging is crucial in multiple myeloma because of the implications for initiating adequate therapy [3] . The therapeutic strategies consist of various chemo-therapy regimens and stem cell transplantation as an additional therapeutic option that increases the clinical response and life expectancy [4] .
A worldwide accepted staging system has been established by Durie and Salmon [5] , who demonstrated a significant correlation between the clinical and laboratory findings and tumor load with life expectancy. Due to the limitations of this staging system, mainly related to false-negative findings in conventional X-ray examination in the initial stages of the disease, some authors suggested implementing magnetic resonance imaging (MRI) into the staging system [6] . This so-called Durie and Salmon PLUS staging system introduced stage IA, either no lesion or a solitary lesion on MRI; stage IB, less than five lesions or mild diffuse infiltration; stage IIA/B, five and up to 20 focal lesions or moderate diffuse infiltration; and stage IIIA/B, more than 20 focal lesions or extensive diffuse infiltration [3, 4, 7] . Therefore, MRI is playing an increasing role in the diagnosis of multiple myeloma [8] . Various authors have demonstrated the high sensitivity of MRI in detecting plasma cell infiltrations [2, 6, 7, [9] [10] [11] [12] . In contrast to conventional skeletal X-ray surveys (X-ray survey), MRI can precisely evaluate the bone marrow. The pathomorphological features of the plasma cell clusters such as increased cellular density, loss of the fatty bone marrow components, and neovascularization of tumor cells can be visualized and more accurately differentiated [13] .
As a result of technical improvements that have enabled the clinical use of a whole-body MRI protocol (wb-MRI), patient examinations are completed within 40 min. By implementing new coil concepts for whole-body imaging with stepwise table movement and in conjunction with parallel acquisition techniques, wb-MRI can now be employed in clinical routine [14] . This new technique has been established as a reliable method for the diagnosis of bone metastases, solid tumors, and lymphomas [8, [15] [16] [17] ; however, the sensitivity of wb-MRI for detecting bone marrow infiltration has not yet been evaluated extensively [18] .
The aim of this study, therefore, was to compare the sensitivity of wb-MRI with that of X-ray survey in detecting myeloma clusters in the bone by classifying the different patterns of infiltration. Furthermore, the impact of wb-MRI on staging patients according to Durie and Salmon PLUS versus the classic Durie and Salmon scheme was analyzed. Finally, the influence of wb-MRI on changing therapy was evaluated.
Material and methods

Patients
Sixty patients with clinically proven multiple myeloma in different stages (Table 1) were prospectively evaluated with wb-MRI between January 2005 and January 2007. The sample size calculation was based on the examples of eight sections and provided about 60 cases for each region.
Conventional X-ray skeletal survey of the entire axial skeleton was performed within 12.3±3.5 days. The patient age range was 37-93 years (mean 65.1±11.7 years). The institutional review board and the local ethics committee approved the protocol and the study was performed according to the guidelines of Helsinki. Written informed consent was obtained from all patients.
Clinical data
The clinical data of the patients were evaluated retrospectively by using the patient charts. The maximum interval between assessment of the clinical data and the wb-MRI examination was ±2 weeks. The date of first diagnosis, initial stage, type of multiple myeloma, and laboratory findings (serum and urine protein, electrophoresis, hemoglobin levels, 24-h urinary protein excretion, serum β 2 -microglobulin, and results of electrophoresis) were recorded for all patients. In addition, the results of bone marrow aspiration were available for 40 of the 60 patients. Patients with a secondary malignoma were excluded from the study.
Imaging
X-ray survey of the entire axial skeleton was performed using a standard X-ray unit (Multix Top, Siemens Medical Solutions, Erlangen, Germany) and standard imaging parameters for each skeletal region. Radiographs were available for the diagnostic regions of interest, which included the skull and spine in two planes and thorax, pelvis, arm and forearm, and upper and lower leg in one plane each.
wb-MRI was performed using a 1.5-T magnetic resonance system with matrix coils, 18 independent receiver channels, and a 205-cm range of table movement for whole-body imaging (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany). The examination protocol consisted of coronal T1-and T2-STIR-weighted images at four table positions. Furthermore, sagittal T1-and T2- STIR-weighted images of the spine were acquired ( Table 2 ). The entire examination protocol took 37 min 23 s, with a maximum room time of between 45 and 50 min.
Image analysis
For comparison of wb-MRI with the X-ray survey, the body was divided into eight different segments: skull, spine, thorax, right and left upper extremity, pelvis, and right and left lower extremity. A total of 60 MRI examinations with 480 segments were available for comparative analysis. For both the X-ray survey and the wb-MRI examinations, the written reports were used as the primary source for analyzing the findings. An experienced radiologist blinded to the results of the initial reports analyzed the results a second time. For discrepant findings, a final consensus analysis together with another blinded radiologist with more than 8 years of experience in reading musculoskeletal MRI was carried out. To account for the different types of bone marrow involvement by multiple myeloma, different MRI patterns of infiltration were defined: normal finding, focal infiltration, multifocal infiltration (>ten focal lesions), diffuse infiltration, and mixed focal-diffuse infiltration, as described by Baur-Melnyk et al. [7] . In the X-ray survey, patterns of infiltration were described according to the Durie and Salmon classification [5] : normal or solitary lesion (stage I), multiple osteolysis or generalized striated osteoporosis (stage III), and stage II (neither I nor III). To assess the effect of wb-MRI on staging, all patients were categorized after acquiring all relevant clinical data according to the standard classification of Durie and Salmon and also according to Durie and Salmon PLUS with regard to the wb-MRI findings. Thereby, the two different clinical staging systems could be directly compared based on the individual scores for the tumor stage. Using a modified Likert-type scale, the degree of influence of wb-MRI on further treatment was assessed by two board-certified oncologists with more than 3 years of special training in hematooncology. This assessment also included the pathologic laboratory ranges and X-ray survey findings. Pathologic laboratory parameters were defined as follows: (1) paraprotein IgG>5 g/dl, IgA>3 g/dl; (2) hemoglobin <10 g/dl; and (3) elevated serum calcium levels. The Likert-type scale had three ranges, with increasing influence of wb-MRI on the therapeutic decision:
-Grade I: wb-MRI did not influence therapy because three or four other parameters (paraprotein, hemoglobin, X-ray survey, or serum calcium levels) already indicated the need for a specific therapy. -Grade II: wb-MRI had a minor influence on therapy because one or two other parameters as mentioned above were abnormal, indicating the need for further treatment. -Grade III: wb-MRI was essential for initiation of therapy without further parameters influencing the therapeutic decision.
Statistical methods
For statistical analysis, the symmetry test by Bowker [19] was applied. This test examines whether the matrix for the frequency of wb-MRI and X-ray survey findings is symmetric or not. A p value of less than 0.05 indicated that the matrix is not symmetrical with respect to the main diagonal. Because of the differences in the types of 
Results
Comparison of wb-MRI and conventional X-ray
Concordance between X-ray survey and wb-MRI was present in 293/480 regions (61%); in four cases (0.8%), a focal infiltration was detected by X-ray survey alone without being identified by wb-MRI. However, in 183/ 480 regions (38%), wb-MRI revealed additional findings formerly not diagnosed by means of conventional X-ray examination. In 60 of these 183 regions (33%), wb-MRI provided more detailed information about the degree of infiltration. As demonstrated in Table 3 , in 13 of these regions, a multifocal infiltration could be shown; in 14 regions, a diffuse infiltration was demonstrated, and, in 33 of the regions, a combination of multifocal lesions and diffuse infiltration could be found that had not been diagnosed previously by conventional X-ray examination.
In 123 of the 183 regions (67%), wb-MRI was able to diagnose infiltration in the bones that had not been detected by conventional X-ray alone. In particular, as shown in Table 3 , the bone tissue had been normal in these regions on the X-ray survey. Using wb-MRI, 35 regions had additional focal lesions, 17 regions newly diagnosed multifocal lesions, 57 regions a diffuse infiltration formerly described as normal, and 14 regions multifocal lesions in combination with a diffuse infiltration pattern. Symmetry testing according to the Bowker method (weighted and unweighted) led to p values <0.0001. Table 3 demonstrates the significant asymmetry in the pattern of infiltration in favor of wb-MRI. The most common reason for discordance between the two modalities was a diffuse infiltration on wb-MRI with a normal finding on X-ray survey. Diffuse infiltration was found by X-ray survey in 23 regions, by wb-MRI in 91 regions (discordance of 75%). In 84%, a diffuse infiltration with multifocal lesions could not be detected by the X-ray survey (nine vs. 56 regions).
Comparing the different regions according to the pattern of infiltration as detected by both methods, a statistically significant difference was seen in favor of wb-MRI in the thorax, spine, pelvis, and the lower extremities on both sides ( Table 4 ). The most important difference was found in the spine: Here, a concordance in the findings was only observed in 24/60 patients. In 24/36 patients, the conventional X-ray gave false-negative results without demonstrating any pathologic findings, and, in 12/36 patients, more detailed information about the pattern of infiltration was found. In particular, diffuse infiltration of the spine was found in only two of 60 patients, whereas wb-MRI revealed this in 15/60 patients, In the regions spine, thorax, pelvis, head, and right upper and left lower extremity, conventional X-ray did not provide any further information about infiltration of the bone. Figures 1 and 2 demonstrate examples for the comparison.
Influence of wb-MRI on the staging
The results for the modified staging according to Durie and Salmon PLUS including the findings of wb-MRI are shown in Table 1 . As a result of this, the tumor stage was upgraded in 41 of the 60 patients by additionally considering the wb-MRI findings.
Influence of wb-MRI on therapy management
In 36 of the 60 patients, no further therapy was required according to a summary of the different laboratory findings, X-ray survey, and wb-MRI, with respect to the previously described Likert-type grading system. In 24 patients, the intention to treat was proposed after consideration of all parameters. The degree of influence of wb-MRI on the therapeutic decision is demonstrated in Table 5 . In ten of the 24 newly treated patients (42%), wb-MRI was the most important diagnostic method for deciding on further therapy. In four of ten patients for whom wb-MRI was crucial for deciding on treatment, the examination demonstrated a pattern of infiltration that could not be detected by X-ray survey or by laboratory findings. These patients were graded as stage III after Durie and Salmon PLUS, which resulted in further therapy. In six of ten patients, an extramedullary localization could be detected; three of six a normal, b focal lesions, c multifocal lesions, d diffuse infiltration, e multifocal lesions and diffuse infiltration patients were additionally endangered by an impending fracture. Furthermore, in one of the 60 patients who suffered from an asecretory myeloma, wb-MRI examination was the only modality that confirmed the diffuse infiltration pattern in the spine as there were no changes in laboratory values. In the remaining 14/24 patients presenting with an immediate need to treat, the clinical data were considered more important for the treatment decision than wb-MRI. In these patients, highly pathologic clinical parameters were found, for example, massive elevated paraprotein (five of 14 patients), massive anemia (three of 14 patients), increase in β 2 -microglobulin (three of 14 patients), or a combination of the different clinical parameters (three of 14 patients).
Discussion
In the present study, the clinical value of wb-MRI in patients with multiple myeloma was systematically evaluated in terms of diagnostic accuracy, impact on tumor staging, and influence on therapeutic management. This was achieved by comparing this modality to conventional X-ray skeletal survey in detecting focal and diffuse infiltration, by evaluating the Durie and Salmon PLUS versus the standard staging system, and by ranking the influence of wb-MRI against established laboratory and clinical findings.
In the past few years, wb-MRI has become an established tool in the diagnostic workup for lymphomas, bone metastasis, and also multiple myeloma [2, 6, 7, 14, 18, 20, 21] . With wb-MRI, the pathomorphological features of the bone marrow such as increased cellular density, neovascularization, and a decreased fat signal in the spongious structures due to the myeloma infiltration could be detected to give a direct and exact assessment of the bone marrow [13, 22] . Especially in early stages of the disease, infiltration can be detected by wb-MRI, while the X-ray survey does not reveal any osteolysis or osteopenia [2, [23] [24] [25] , however, because a minimum loss of 30% of spongious structures is needed to detect this [26] . Using other methods such as positron emission tomography, even with 18 F-fluoro-2-deoxyglucose, spatial resolution is too low and tracer uptake is too inconsistent in multiple myeloma to make a clinically acceptable diagnostic assessment [27] . According to Baur et al. [28] , wb-MRI in combination with clinical staging according to Durie and Salmon can be considered the new gold standard for the detection of focal myeloma.
In the present study, the advantage of wb-MRI over Xray survey could be confirmed: 21% of the focal and multifocal myeloma lesions, 75% of the diffuse, and 84% of the focal-diffuse infiltration could only be detected by wb-MRI. Age at presentation, diagnostic methods, time interval between X-ray and wb-MRI, and exclusion criteria were comparable to those used in studies previously published in the literature [6, 14, 18] .
The kind and pattern of infiltration detected on wb-MRI correlate significantly with the stage according to Durie and Salmon and therefore define the prognosis for these patients [5, 6] . In addition to focal infiltration, multiple myeloma can also present with diffuse and focal-diffuse infiltration, which are significantly associated with a higher disease stage [10, 29] . This is either not detected by X-ray survey or is seen as sparse osteoporosis, which is difficult to distinguish from physiologically or medication-induced osteoporosis. In these patients, wb-MRI is a more sensitive technique [6, 30] , which has been confirmed by the present study where diffuse infiltration was not visualized in 75% and focal-diffuse infiltration in 84% of the patients on Xray survey. In line with other studies in the literature, the examinations were performed with T2-weighted STIR sequences, as first described by Rahmouni et al. [31] , and with T1-weighted sequences [9] , which have a high [33] who reported false-negative results in 26% of the biopsy specimens. In some studies, it could be shown that a diffuse pattern of infiltration as seen on the skeletal survey correlates significantly with the histologic findings. Regarding focal lesions, no significant correlation could be detected between MRI and histology. One limitation of these studies is that different regions of the body are being compared, the biopsy of the iliac crest with MRI of the spine [6, 34] . This limitation has been successfully eliminated in the present study by implementing a wb-MRI protocol with T1-and T2-STIR-weighted sequences integrating the area of biopsy.
Accurate staging of patients with multiple myeloma is highly important since it determines adequate therapy and thus prognosis. Referring to Baur et al. [2, 30] , the staging system according to Durie and Salmon was modified by adding MRI of the spine to improve the prognostic impact of the different stages and to refine therapy. Vande Berg et al. [23] compared conventional X-ray imaging in patients with multiple myeloma stage I after Durie and Salmon with corresponding MRI of the spine, pelvis, and proximal femurs. The authors found that in 29% of the patients focal lesions could be demonstrated by MRI without there being a correlation on X-ray. A further study of the same group [24] that aimed to compare the different diagnostic methods in patients with monoclonal gammopathy of undetermined significance (n=37) concluded that focal myeloma lesions could be found on MRI in 19% of the patients. A further examination by Mariette et al. [11] demonstrated, in five of 17 patients (31%) with asymptomatic multiple myeloma, focal or even diffuse infiltration already in stage I disease. In all these studies, pathologic findings were found on MRI scans in approximately 30% of the patients, resulting in a classification as advanced stage, which implies immediate initiation of chemotherapy. The results of the aforementioned studies are in agreement with the present findings, in which 19 of the 60 patients were classified in a higher stage after wb-MRI. Four of these patients were shifted from stage I to stage II (n=1) or to stage III (n=3). According to the literature, these patients benefit from the immediate initiation of chemotherapy [23] . In an additional 15/60 patients, stage II was upgraded to stage III on the basis of wb-MRI.
So far, only few studies have demonstrated that MRI is an adequate method for follow-up of patients with multiple myeloma since changes in the signal intensity and the morphology of the lesions are seen during therapy and these changes correlate with the clinical parameters [35] . Up to now, however, no publication has evaluated the influence of MRI using a whole-body approach on the decision to initiate further specific therapy. In the present study, both wb-MRI and the other parameters for staging influenced the treatment decision to various degrees. But-as described in the "Results" section-wb-MRI was primarily responsible for starting a new therapy in ten of 24 patients and had a moderate influence in another four of 24 patients.
One study limitation is that most patients had initially already been treated with conventional chemotherapy (e.g., melphalan in combination with prednisolone) or high-dose chemotherapy with stem cell transplantation. However, the aim of this study was to evaluate the influence of wb-MRI on a further therapeutic strategy with a new chemotherapy regimen. Another limitation is the problem of defining objective criteria for evaluating the influence of MRI on the initiation of a new therapy. Involving two independent and experienced hematooncologists into this study who ranked the influence of the different parameters in consensus solved this problem.
In conclusion, in the present study, we demonstrated that wb-MRI is more sensitive than conventional X-ray and can detect both focal and diffuse patterns of infiltration with a high certainty. Furthermore, wb-MRI can strongly influence the therapeutic decision in patients with multiple myeloma.
